Study Highlights
================

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? ☑ A quantitative understanding of the lampalizumab pharmacokinetics is crucial in interpreting the results of clinical studies of lampalizumab and determining the dosing schedule for phase III trials. • WHAT QUESTION DID THIS STUDY ADDRESS? ☑ A population PK/PD model was developed to describe ocular and serum concentration--time profile and evaluate target occupancy following intravitreal lampalizumab to increase our understanding of lampalizumab PK/PD characteristics in patients with GA. • WHAT THIS STUDY ADDS TO OUR KNOWLEDGE ☑ This study describes the PK/PD characteristics of lampalizumab, which is critical to help guide the rational design of phase III trials and to interpret the safety and efficacy data in patients with GA. • HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY AND THERAPEUTICS ☑ These analyses represent the first TMDD model to guide rational study design and regimen selection in ophthalmology drug development. The combined ocular/serum TMDD model using quasi-steady-state approximation that takes into account factors of the specific molecule may provide a useful framework for describing other biologics for intravitreal administration.

Age-related macular degeneration (AMD) is an irreversible and progressive disease that develops from early and intermediate stages into the two advanced forms known as geographic atrophy (GA) and neovascular AMD. GA is a significant unmet need, affecting more than 5 million people worldwide, with devastating effects on patients\' visual function and quality of life.[@b1],[@b2] GA is characterized by extensive loss of the choriocapillaris and the overlying retinal pigment epithelium (RPE), and accounts for 26% of legal blindness in the United Kingdom.[@b3]--[@b6] Currently, there are no licensed therapies to prevent the progression of GA and the associated decrease in visual function.[@b7]

Lampalizumab is a first-in-class investigational drug currently being developed for the treatment of GA secondary to AMD. Lampalizumab is the antibody binding fragment (Fab) of a humanized monoclonal antibody (mAb) directed against complement factor D (CFD), a rate-limiting enzyme involved in the activation of the alternative complement pathway and its amplification via the feedback loop, which has been implicated in GA.[@b8],[@b9] Lampalizumab, previously referred to as FCFD4514S, was investigated in the completed phase Ia single ascending-dose clinical study[@b10] (CFD4711g; NCT00973011) and in the MAHALO phase Ib/II clinical trial (CFD4870g; NCT01229215, unpublished data). Lampalizumab binds with high affinity to both cynomolgus monkey (K~D~ = 11.7 pM) and human (K~D~ = 19.7pM) CFD.[@b11] The systemic pharmacokinetics (PK) of lampalizumab in patients with GA were characterized in the phase Ia study,[@b10] with a systemic elimination half-life (t~1/2~) following intravitreal administration of 5.9 days.

The ocular and systemic PK following intravitreal (ITV) administration of large molecules, including Fabs and mAbs, have been studied extensively.[@b12]--[@b18] In clinical studies, ranibizumab, an anti-vascular endothelial growth factor (VEGF)-A Fab, was observed to clear from the eye with a half-life of 9 days and, upon reaching the systemic circulation, clear more quickly, with a half-life of 2 hours.[@b19] In preclinical models, ranibizumab was shown to distribute rapidly to the retina[@b16] and penetrate all retinal layers.[@b15] The ocular and systemic PK of a full-length antibody, bevacizumab, and a receptor fusion protein, aflibercept, have also been widely investigated. The ocular half-life of bevacizumab, a full-length mAb that binds all isoforms of VEGF-A, was shown to be 9.8 days.[@b17] Once absorbed into the systemic circulation, ranibizumab clears quickly as a result of its relatively smaller size, whereas bevacizumab and aflibercept have greater systemic exposure that results in a marked reduction in free VEGF in the plasma.[@b5] Prior studies of anti-VEGF agents have contributed greatly to our understanding of how large molecules distribute in and eliminate from the ocular compartments and systemic circulation upon ITV administration. Yet limited studies have integrated ocular and systemic data on drugs and their binding target to offer knowledge of target engagement, which is crucial to the selection of appropriate dosing regimens. The current analyses aimed to establish a semimechanistic model that describes the systemic and ocular disposition of lampalizumab and CFD following ITV administration of single and multiple lampalizumab doses in patients with GA. We built a target-mediated drug disposition (TMDD) model that incorporated the binding quasi-steady-state assumption, and turnover rates of CFD, lampalizumab, and lampalizumab--CFD complex. In addition, model-based simulations of clinically relevant dosing regimens were performed to illustrate concentration--time courses of ocular and serum drug concentrations and predict ocular CFD occupancy that supported the dosing regimens in the phase III trials. These analyses also represented the first TMDD model to guide rational study design in ophthalmology drug development.

METHODS
=======

Study design
------------

For population PK/PD analysis, the data from two studies shown in **Table** [1](#tbl1){ref-type="table"} were integrated. Both studies received approval from the Institutional Review Board at each study site and all participants provided written informed consent. In Study CFD4711g, a total of 18 patients (three per dose level) received a single ITV administration of lampalizumab at dose levels of 0.1, 0.5, 1, 2, 5, and 10 mg in the study eye. Lampalizumab serum concentration data were obtained at screening, and at 1, 7, 14, and 30 days postdose. Study CFD4870g was a multidose study that included a run-in safety assessment phase and a randomized phase. In the safety run-in phase, patients (*n* = 14) received a minimum of three monthly doses of 10 mg ITV lampalizumab. Serum lampalizumab concentration data were obtained at screening, and predose (trough) at months 1, 2, and 3. These patients then proceeded with the same dosing frequency for the remainder of the 18-month treatment period. In the phase II component of Study CFD4870g, patients (n = 129) were randomized to one of the two active arms (10 mg every month or 10 mg every other month) or to the corresponding sham injection arms. In the randomized phase II study, the serum lampalizumab concentration was collected at screening, at 1, 2, 3, 6, 9, 12, 15, and 18 months predose (trough), and at 7 days postdose. In addition, aqueous humor concentrations of lampalizumab and total CFD were measured at screening, 6 months predose, and 12 months predose (data available from 12 patients).

###### 

Model parameter estimates using the ocular-serum TMDD model

  Parameter                                                                                             Symbol (unit)        Estimate                RSE (%)                                95% CI   Shrinkage (%)   
  ----------------------------------------------------------------------------------------------------- -------------------- ----------------------- -------------------------------------- -------- --------------- ------
  Ocular parameters                                                                                                                                                                                                  
  Ocular elimination rate constant of drug[a](#tf1-1){ref-type="table-fn"}                              k~out~ (1/day)       0.117                   1.25                                   0.111    0.123           
  Ocular elimination rate constant of complex                                                           k~outC~ (1/day)      0.135                   1.54                                   0.127    0.144           
  Ocular influx/synthesis rate constant of target                                                       k~inT~ (µg/mL/day)   0.364                   0.635                                  0.360    0.369           
  Correction factor for drug:target molar ratio and assay differences[c](#tf1-3){ref-type="table-fn"}   λ~A~                 2.23                    27.7                                   1.440    3.46            
  Vitreous volume of distribution                                                                       V~VITR~ (mL)         3.09                    3.24                                   2.88     3.23            
  Ocular degradation/elimination rate constant of drug target                                           k~outT~ (1/day)      0.27                    0.935                                  0.236    0.276           
  Vitreous-aqueous partition coefficient of drug                                                        λ~AQ~                13.0                    0.586                                  12.7     13.4            
  Systemic parameters                                                                                                                                                                                                
  Systemic volume of distribution                                                                       V~c~ (mL)            2410                    0.0658                                 2390     2440            
  Systemic elimination rate constant of drug[a](#tf1-1){ref-type="table-fn"}                            k (1/day)            1.89                    6.53                                   1.74     2.05            
  Quasi-steady rate constant[d](#tf1-4){ref-type="table-fn"}                                            Kss (µg/mL)          0.96 × 10^−3^ (fixed)                                                                   
  Covariates                                                                                                                                                                                                         
  Power for age effect on k~out~                                                                        Θ~age-kout~          −0.770                  45.5                                   −1.45    −0.0831         
  Power for age effect on k                                                                             Θ~age-k~             −1.63                   23.5                                   −2.38    −0.877          
  Multiplier for sex effect on k                                                                        Θ~sex-k~             0.739                   21.1                                   0.652    0.837           
  Variability                                                                                                                                                                                                        
  Intersubject variability for ocular clearance                                                                              27.3%                   19.1[b](#tf1-2){ref-type="table-fn"}   21.6%    32.0%           6.3
  Intersubject variability for correction factor                                                        ω^2^λ~A~             59.1%                   38.0[b](#tf1-2){ref-type="table-fn"}   29.8%    78.0%           0.8
  Intersubject variability for systemic clearance                                                                            27.5%                   23.8[b](#tf1-2){ref-type="table-fn"}   20.1%    33.3%           20.7
  Residual error for aqueous measurements                                                               ~,\ AQ~              25.8%                   28.3[b](#tf1-2){ref-type="table-fn"}   17.2%    32.2%           
  Residual error for serum measurement                                                                  ~,\ SER~             32.9%                   10.1[b](#tf1-2){ref-type="table-fn"}   29.5%    36.1%           

CI, confidence interval; RSE, relative standard error.

For a typical 80-year-old male patient.

RSE for variances.

Ratio of the molecular weights of the drug and the target is equal to 2 (within 95% CI of the estimated value). Minor difference with the estimated value could be due to assay differences or differences in volumes of distributions of the drug and the target.

Fixed to 20 pM, approximately equal to *in vitro* KD value (19.7 pM), as the estimated elimination rate of the drug-target complex (k~outC~) is much smaller than dissociation rate of the drug-target complex.[@b8],[@b11]

PK/PD model structure
---------------------

### Ocular and serum concentration analysis using a TMDD model

Lampalizumab ocular (aqueous humor) and serum concentrations in patients with GA were analyzed using a TMDD model that incorporated the binding quasi-steady-state assumption, and *in vivo* turnover rates of CFD, lampalizumab, and lampalizumab--CFD complex. The IMPMAP method of NONMEM software was used to estimate model parameters, as it was shown to be fast and efficient for problems with TMDD.[@b20],[@b21]

A quasi-steady-state approximation[@b22] of the target-mediated drug disposition model described the total (unbound and bound to CFD) vitreous humor lampalizumab concentrations and total (unbound and bound to lampalizumab) vitreous humor CFD concentrations. Both lampalizumab and lampalizumab-CFD complex were assumed to egress to the systemic circulation where total (unbound and bound to CFD) lampalizumab clearance was described by a linear elimination process. Equations that describe the final model are provided below:

Here Eqs. [1](#m1){ref-type="disp-formula"} and [2](#m2){ref-type="disp-formula"} describe the kinetics of lampalizumab amount (*A~VITR~*) and total CFD amount in vitreous humor (*R~VITR~*), respectively. Eq. [3](#m3){ref-type="disp-formula"} describes the lampalizumab amount in serum (*A~SER~*). Eq. [4](#m4){ref-type="disp-formula"} describes the quasi-steady-state approximation for the relationship between unbound lampalizumab concentration (*C~unbound~*), total lampalizumab concentration (*C~VITR~*), and total CFD concentration (*R~VITR~*) in vitreous humor. Eq. [5](#m5){ref-type="disp-formula"} describes the relationship between aqueous humor (*C~AQ_tot~*), vitreous humor (*C~VITR~*) total lampalizumab concentration, and the aqueous-vitreous humor lampalizumab partition coefficient (*λ~AQ~*). Eq. [6](#m6){ref-type="disp-formula"} describes the relationship between total CFD level in aqueous humor (*R~AQ~*), vitreous humor (*R~VITR~*), and aqueous-vitreous humor partition coefficient of total CFD (*λ~TAQ~*). Eq. [7](#m7){ref-type="disp-formula"} describes the relationship between the partition coefficient of lampalizumab and CFD to the correction ratio that was estimated by the model (**Table** [1](#tbl1){ref-type="table"}). In our model, the free CFD and lampalizumab-CFD complex were assumed to partition across the aqueous humor, vitreous humor, and retina in a similar fashion.

*V~VITR~* and *V~C~* are the vitreous humor and serum volumes, respectively; *R~AQ~* is the total CFD concentration in aqueous humor; *k~out~* and *k~outC~* denote the elimination rate constants of the unbound lampalizumab and lampalizumab--CFD complex, respectively. The clearance of the complex in the aqueous humor was not explicitly modeled and was implicitly assumed to follow similar clearance kinetics to that in the vitreous humor and was accounted for by the constant partition coefficient of the total lampalizumab (*λ~AQ~*) and total CFD (*λ~TAQ~*) between the aqueous and vitreous humors. *λ~TAQ~* was calculated using Eq. [7](#m7){ref-type="disp-formula"}, where *λ~A~* is a correction factor accounting for the differences in molecular weight of drug and target. *k~intT~* and *k~outT~* are zero-order production and first-order degradation rate constants of CFD in vitreous humor, respectively; *k* is the first-order clearance rate constant of lampalizumab in serum; *K~SS~* is the quasi-steady-state constant of lampalizumab binding to CFD.

Two levels of random effects were included in the model: intersubject variability and within-subject variability. Intersubject variability was added to recognize differences between individuals and was described by log-normal parameter distributions with zero means. The within-subject variability (residual error model) for the observations is described by a proportional error model, and the proportional residual errors are assumed to be independent and normally distributed with zero means. Initially, intersubject variability was estimated on all parameters as required for the efficient implementation of the IMPMAP method.[@b20],[@b21] After the model was developed, variance parameters were tested one by one by fixing the coefficient of variation (CV) to 1%, applying the backward elimination procedure with alpha = 0.01 significance level. Only three random effect parameters (*k~out~, k,* and *λ~a~*) were significantly different from 1%.

Covariate analysis
------------------

After the base model was developed, effects of age, sex, and antitherapeutic antibodies (ATA) status on *k~out~* and *k* were added to the model. Effects of age and sex were of clinical interest. ATA status was selected because it has been shown to have an effect on the pharmacokinetics for some biologics.[@b23]--[@b25] As the number of subjects in the dataset was small, the goal was to capture the most important effects rather than perform a comprehensive evaluation of the covariate model. Therefore, covariate effects were tested only on ocular (*k~out~)* and systemic elimination rate constants (*k*), which are the main parameters that govern the ocular and systemic pharmacokinetics, respectively.

Backward elimination procedure with alpha = 0.01 significance level was applied to arrive at a parsimonious final model.

RESULTS
=======

Serum pharmacokinetics
----------------------

The database for systemic population lampalizumab PK analysis contained data from a total of 117 patients with GA in both phase Ia and Ib/II studies (**Supplemental Table 1**). A total of 697 quantifiable concentrations, which were greater than the lower limit of quantitation (LLOQ = 350 pg/mL), were used for model building.

A one-compartment population PK model was shown to be adequate to describe the lampalizumab PK in the systemic circulation using only the serum dataset (**Supplemental Figure 1**) or the combined ocular/serum dataset (**Figure** [1](#fig01){ref-type="fig"}). The diagnostic plots indicated a good fit of the model to the data, at both the individual and population levels (**Figure** [2](#fig02){ref-type="fig"} and **Supplemental Figure 2**). Systemic half-life was estimated to be 9 hours (*k* = 1.89 day^−1^, **Table** [1](#tbl1){ref-type="table"}) when using the combined ocular/serum model, and was in agreement with the population serum PK model (t~1/2~ = 7.4 hours, *k* = 2.23 day^−1^, **Supplemental Table 2**). Furthermore, both population and individual predictions from the two models were well correlated (**Supplemental Figure 2C**), suggesting that the incorporation of ocular PK had no impact on serum PK characterization. The parameter estimates of the model fit to only the serum dataset are presented in **Supplemental Table 2**. All parameters were estimated precisely with relative standard error (RSE) values of 2.7--12.9%.

![Target-mediated drug disposition (TMDD) model schematic describing lampalizumab ocular and systemic pharmacokinetics. C~unbound~, R~VITR~, and R-C compartments represent the free drug, free target, and drug--target complexes in the vitreous humor, respectively. C~AQ~ and R~AQ~ represent total drug and total target in the aqueous humor, respectively. C~SER~ represents total drug in serum. k~out~ and *k* represent ocular and systemic elimination constants of drug. k~outT~ and k~outC~ represent ocular elimination rate of target and complex, respectively. k~inT~ represents the combined rate of synthesis and/or influx of target into the eye. K~ss~ represents the quasi-steady-state equilibrium constant. λ~AQ~ and λ~TAQ~ represent vitreous-aqueous humor partition coefficients of drug and target, respectively. Square boxes represent total (free and bound) analytes. Circle boxes represent analytes in either free or complex form. Dotted boxes represent hypothetical compartments, and solid boxes represent those with measured data.](psp40004-0595-f1){#fig01}

![Comparison of observed data to population and individual model predictions for serum lampalizumab (a,b), aqueous humor lampalizumab (c,d), and aqueous humor total complement factor D (e,f). DV denotes dependent variable or observed data. PRED denotes model-predicted population values. IPRED denotes model-predicted individual values. Solid red lines represent linear regression lines. Solid black lines represent lines of unity.](psp40004-0595-f2){#fig02}

Ocular pharmacokinetics
-----------------------

The database for the combined ocular/systemic population lampalizumab PK/pharmacodynamic (PD) analysis contained data from the systemic concentrations dataset (*n* = 697 concentrations) and ocular dataset, which included a total of 24 quantifiable aqueous humor lampalizumab (LLOQ = 30 ng/mL) and 62 quantifiable aqueous humor total CFD (LLOQ = 5 ng/mL) concentrations from a total of 21 patients (**Supplemental Table 1**).

A TMDD model with a quasi-steady-state approximation of ocular binding kinetics was shown to be adequate to describe the total (unbound and bound to CFD) aqueous humor lampalizumab concentrations and total (unbound and bound to lampalizumab) aqueous humor CFD concentrations (**Figure** [1](#fig01){ref-type="fig"}). The final model with constant vitreous-to-aqueous humor partition coefficients for lampalizumab (*λ~AQ~* = 13.0) and CFD (*λ~TAQ~* = *λ~AQ~* × *λ~A~* = 29.0, where *λ~A~* (=2.23) was a correction factor for molecular weight described in **Table** [1](#tbl1){ref-type="table"}) can adequately describe the relationship between the vitreous and the aqueous humor concentrations of lampalizumab and CFD. These results showed that the observed aqueous humor concentrations were linearly proportional to the corresponding model-predicted vitreous humor concentrations, and suggested that lampalizumab reached equilibrium relatively quickly across aqueous and vitreous humors.

The parameter estimates of the integrated ocular/systemic PK model are presented in **Table** [1](#tbl1){ref-type="table"}**.** The model diagnostic plots indicated that model-predicted concentrations of lampalizumab in serum and aqueous humor as well as total CFD in aqueous humor were in good agreement with the observed data (**Figure** [2](#fig02){ref-type="fig"}). Also in agreement with the serum population PK model, ocular-to-systemic absorption half-life was estimated to be 5.9 days (*k~out~* = 0.117 day^−1^).

Visual predictive checks (**Figure** [3](#fig03){ref-type="fig"}) confirmed good predictive power of the final TMDD model in predicting serum and aqueous humor lampalizumab as well as aqueous humor total CFD concentrations simultaneously. The 90% prediction interval and median were obtained by simulating 1,000 datasets using the final integrated PK/PD model. The model adequately described the observed serum concentrations for both monthly and every-other-month regimens. Despite the small number in aqueous humor sample size, the aqueous humor lampalizumab and total CFD were reasonably predicted up to day 60 postdose.

![Visual predictive checks (VPCs) of final model fitted to the combined ocular-serum dataset demonstrating good predictive power of concentration-time profiles of serum lampalizumab (a), aqueous humor lampalizumab (b), and aqueous humor total complement factor D (c). Black open circles represent observed data. Solid black lines represent 10^th^, 50^th^, and 90^th^ percentiles of the simulation-based concentrations. Red regions represent 10^th^−90^th^ confidence intervals of the 50^th^ model-predicted concentrations. Blue regions represent the 10^th^−90^th^ confidence intervals of the 10^th^ and 90^th^ model-predicted concentrations.](psp40004-0595-f3){#fig03}

Simulation of vitreous humor and serum steady-state lampalizumab concentrations
-------------------------------------------------------------------------------

Model-based simulations were conducted to examine steady-state vitreous humor and serum exposures of lampalizumab following a similar 10-mg ITV dose administration with alterations in schedule, including every 4 weeks (q4wk), every 6 weeks (q6wk), and an every 8 weeks (q8wk) regimen (**Figure** [4](#fig04){ref-type="fig"}). Lampalizumab reached maximum concentrations (C~max~) in the serum within ∼1 day following ITV administration. As no accumulation in vitreous humor and serum was observed for all three regimens, steady-state lampalizumab exposure in vitreous humor and serum was similar to that following the first dose. At steady-state, lampalizumab vitreous humor exposure was greater than 11,000-fold higher than serum exposure based on serum and vitreous humor C~max~, minimum concentrations (C~min~), or cumulative area under the concentration--time curve (AUC~0-72wk~) (**Supplemental Table 3**).

![Population prediction of vitreous humor (a) and serum (b) concentration-time profiles with q4wk, q6wk, and q8wk of lampalizumab at dose level of 10 mg per eye. Black solid lines represent 50^th^ percentile of the population, and shaded regions represent 5^th^−95^th^ prediction intervals.](psp40004-0595-f4){#fig04}

Additionally, with all three dosing schedules, the 5^th^ percentile of vitreous humor C~min~ values for 10 mg per eye were above the median inhibitory concentration (IC50) (∼0.2 μg/mL or 4 nM) of alternative complement inhibition (**Figure** [4](#fig04){ref-type="fig"}**a** and **Supplemental Table 3**) based on a serum hemolytic cell-based assay,[@b11] while the 95^th^ percentile of serum C~max~ values for 10 mg per eye were below 2 μg/mL or 42 nM (**Figure** [4](#fig04){ref-type="fig"}**b** and **Supplemental Table 3**), the minimum level needed to inhibit alternative complement pathway in the serum.[@b10],[@b11] Our simulations showed that intravitreally administered lampalizumab results in high local ocular drug concentrations while minimizing systemic drug concentrations and potential systemic adverse events.

Covariate analysis
------------------

Covariate analysis was performed to identify major factors predictive of variability in lampalizumab ocular and systemic PK. Sex, age, and ATA status were tested as covariates on *k~out~* and *k*. ATA status was not a statistically significant covariate for either *k~out~* or *k*. Age was found to be a statistically significant covariate explaining intersubject variability for both *k~out~* (3.6%) and *k* (7.6%), whereas sex was a statistically significant covariate explaining intersubject variability for *k~out~* (11.5%). Older patients and females appeared to have a slower systemic elimination constant *(k)* or longer systemic half-life (**Supplemental Figure 3A**). Older patients also tended to have a slower ocular elimination constant (*k~out~*) and longer ocular half-life (**Supplemental Figure 3B**). To examine the impact of age and sex on the clinically relevant ocular and systemic exposures, the magnitude of their covariate effect on ocular C~min~, cumulative AUC, serum C~max~, and cumulative AUC was examined (**Figure** [5](#fig05){ref-type="fig"}). Despite the statistically significant impact of age and sex on *k* and age on *k~out~*, the magnitude of the covariate effects was relatively small compared to the intersubject variability and was not expected to be clinically relevant.

![Impact of age and sex on serum and vitreous humor exposures. The black boxes illustrate the 90% prediction interval of individual exposures in the analysis population. The blue boxes correspond to the predictions of exposure for typical patients (80-year-old males) with the covariate values equal to 5^th^ and 95^th^ percentiles of the covariate distribution in the analysis population. AUC, area under the serum concentration time curve; C~max~, maximum concentration; C~trough~, minimum concentration; PI, prediction interval.](psp40004-0595-f5){#fig05}

Simulation of ocular target suppression
---------------------------------------

Simulations based on the integrated ocular/systemic TMDD PK model were performed to predict the ratio of free target (FTR) following lampalizumab administration to that at baseline (FTR = free target/total target at baseline) in the vitreous humor to aid in dosing selection for future clinical studies. Single-dose simulations were presented because the ocular concentrations reached steady-state following the first dose, as evidenced by the absence of accumulation with repeat dosing (**Figure** [4](#fig04){ref-type="fig"}**a**). The simulations showed that the free target (CFD) level was substantially suppressed compared to baseline level at up to day 60 postdose (**Figure** [6](#fig06){ref-type="fig"}), which indicated approximately complete target inhibition of the alternative complement pathway in the vitreous humor with all three schedules of the 10-mg dose.

![Simulations of free target suppression in vitreous humor expressed as ratio of free target to baseline over time. Solid black line represents the model-predicted vitreous humor free target ratio (FTR) for a typical patient in the CFD4870g study. Shaded region represents the 5^th^−95^th^ prediction interval. Red, blue, and black lines denote the minimum FTR at 4, 6, and 8 weeks following intravitreal (ITV) lampalizumab administration. Black lines denote trend for a typical patient in CFD4870g study and shaded regions represent 5^th^−95^th^ prediction intervals.](psp40004-0595-f6){#fig06}

DISCUSSION
==========

In this analysis, we developed a population TMDD model based on data from the phase I and II studies to describe the ocular and systemic PK and PD of lampalizumab. The serum/aqueous humor lampalizumab and aqueous humor total CFD concentration--time data in patients with GA who received intravitreal lampalizumab was accurately described by an integrated ocular/serum PK model.

Using standard goodness-of-fit criteria and visual predictive checks, the best ocular PK model that described the lampalizumab PK/PD data and had good predictive power is one that included the target-mediated drug disposition in the eye with a quasi-steady-state assumption, first-order ocular clearance of unbound lampalizumab and lampalizumab--CFD complex, and quick equilibrium between vitreous and aqueous humor compartments (**Figure** [1](#fig01){ref-type="fig"}). Systemic PK of total (free and bound) lampalizumab was well described by a linear first-order clearance (**Figure** [1](#fig01){ref-type="fig"} and **Supplemental Figure 1**).

The ocular half-life of lampalizumab was estimated to be ∼6 days, which is consistent with the noncompartmental analysis of lampalizumab PK in the phase Ia study.[@b10] This was also similar to the ocular half-life of ranibizumab of 7 to 9 days,[@b18],[@b19] an intravitreally administered Fab. The lampalizumab PK following ITV administration in humans was shown to exhibit flip-flop PK, which is consistent with the lampalizumab PK in monkeys[@b11] and ranibizumab PK in both monkeys[@b26] and humans.[@b19] This is a phenomenon in which the rate of drug cleared from the systemic circulation is much faster than the rate of drug egressing out of the vitreous humor. This occurs for the lampalizumab Fab drug platform (and all Fab fragments) as a result of lacking the Fc region, which is the portion of antibodies responsible for recirculation into the systemic circulation and prolonging the systemic half-life. Notably, faster systemic compared with ocular clearance of ranibizumab was likewise associated with the lack of an Fc region. In fact, ranibizumab was shown to have a rapid systemic clearance upon egressing into the systemic circulation following ITV administration and substantially lower systemic exposure compared with bevacizumab and aflibercept, which both contain an Fc region.[@b12] Importantly, the flip-flop PK phenomenon enabled the use of systemic half-life following ITV administration as a surrogate for ocular half-life for intravitreally administered drugs when ocular sampling for drug concentration measurements may not be possible or convenient.

Due to the limited sample size and sparse sampling of the ocular PK/PD samples, one concern was whether the individual ocular lampalizumab prediction could be accurately estimated. To evaluate the accuracy of the individual ocular PK predictions using the combined ocular/systemic TMDD model, we built an additional systemic PK model, which was shown to meet model evaluation criteria (**Supplemental Table 2** and **Supplemental Figure 2**). The parameters in the systemic PK model were estimated with good precision and low shrinkage (**Supplemental Table 2**). Additionally, the systemic PK model correlated well with the individual predictions from the ocular/systemic TMDD model. Therefore, the ocular/systemic TMDD model was suitable to describe both ocular lampalizumab/total CFD and systemic lampalizumab for the individual patients in the study. This model could be used to predict ocular lampalizumab exposure and total CFD upon ITV administration of lampalizumab in GA patient populations as well as in the individual patients in these studies.

This model-based analysis also revealed that the combined CFD ocular influx and ocular production rate were substantially lower than the systemic CFD production rate. Current literature suggests that CFD synthesis in the systemic circulation is fast, with an estimated rate of 1.33 mg/kg/day in humans.[@b27] Our model did not distinguish whether the local ocular CFD influx comes from the systemic circulation or *de novo* synthesis. However, the composite influx rate (k~inT~) of CFD into the ocular compartment estimated from the study model was 0.32 μg/mL/day (**Table** [1](#tbl1){ref-type="table"}) or 0.91 μg/day (with V~VITR~ = 2.85 mL), which amounts to less than 1% of systemic production rate of 1.33 mg/kg/day (with a typical body weight of 75 kg).[@b27] These results were consistent with literature data on limited local ocular CFD production. Real-time quantitative polymerase chain reaction (PCR) analysis of complement CFD gene expression suggested limited production of CFD in the RPE-choroid and neural retina.[@b28]

Our analysis also highlights the wide therapeutic index of ITV lampalizumab. Steady-state systemic exposures from ITV lampalizumab were substantially lower (11,000-fold) than ocular exposures. When administered monthly at a dose level of 10 mg per eye, vitreous humor trough concentrations were well above the IC50 of alternative complement pathway inhibition within the eye while remaining substantially below the serum C~min~ required to inhibit systemic alternative complement activity. The low systemic exposure with ITV administration and the fast CFD production rate in the systemic circulation provided a potential mechanistic explanation for the suitable tolerability of lampalizumab ITV administration, which was shown in the phase I study.[@b10] Increase of total CFD following dosing (**Figure** [3](#fig03){ref-type="fig"}**c**) provided evidence of binding of lampalizumab to CFD in the eye. This was most likely due to slower clearance of drug--target complex compared to clearance of free target and continuous ocular influx of systemic CFD. Increased levels of circulating ligand--drug complexes following administration of drug have been observed in other studies in the literature.[@b11],[@b29]

We evaluated the target occupancy in ocular tissues and systemic circulation using simulation studies to guide the dosing selection for the phase III studies (Chroma (NCT02247479) and Spectri (NCT02247531)). Our simulations predicted that the two dosing regimens (10 mg q4wk and 10 mg q6wk) selected for the phase III studies are expected to be efficacious and able to achieve near-complete target suppression in the vitreous humor (**Figure** [6](#fig06){ref-type="fig"}). Additionally, these two regimens are expected to result in systemic drug concentrations substantially lower than the minimum level to elicit systemic CFD inhibition (**Figure** [4](#fig04){ref-type="fig"}**b**) and provide strong scientific rationale for the recommended phase III dosing regimens.

Our analysis also revealed that both age and sex were statistically significant covariates for the systemic elimination rate constant (*k*). Older patients and females had a longer systemic half-life. It is likely that the impact of age and sex on systemic half-life may have been confounded by the underlying patient differences in renal clearance and body weight; however, these data were not available for these studies. The direction of the impact on systemic half-life was as expected based on the typical tendency of lower renal clearance in patients of older age, and lower body weight in females compared with males. The rapid systemic clearance of lampalizumab and the covariates of age and sex were in agreement with the existing literature, in which catalytic metabolism and renal clearance have been suggested to be mechanisms for systemic clearance of antibody binding fragments.[@b19],[@b30]--[@b32] The correlation between lampalizumab ocular half-life and age was an interesting finding. Older patients were shown to have a longer ocular half-life. Although there are limited data quantifying the effect of aging on ocular clearance of drugs, it has been shown that the vitreous body undergoes structural changes with aging.[@b33],[@b34] Despite the statistical significance, the covariate effect of age and sex on systemic half-life and age on ocular half-life of lampalizumab were not considered to be clinically relevant.

In conclusion, a semimechanistic modeling and simulation approach was implemented to analyze the phase I/II lampalizumab PK/PD data to provide an understanding of the ocular and systemic PK and PD of lampalizumab in patients with GA. These analyses represented the first TMDD model to guide rational study design in ophthalmology drug development. These results supported the dosing regimen selection for the phase III studies. The quantitative framework presented here may help guide rational design of future clinical studies using lampalizumab.
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